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GEORGIA TECH FUSION STUDIES PROGRAM 
Contract DE-AS05-78ET-52025 
Quarterly Progress Report for 
November 1, 1981 - January 31, 1982 
Neutral Beam-Driven Impurity Flow Reversal  
The principal effort over this report period has been an improvement 
of the computational tools in order to ultimately provide a more vigorous 
prediction of the potential of flow reversal for impurity control in 
FED/INTOR type of tokamak plasmas. The impurity peaking model has been 
revised (see below) to account for the ion displacement required to main-
tain ambipolarity, which allows for a more realistic comparison of the 
semi-analytical model with the PLT and ISX experiments. The new model has 
been confirmed by comparision with direct transport calculations. The 
one-dimensional transport code obtained from ORNL has been modified to 
couple the transport of ions and impurities. The formulation of a computa-
tion model that allows two impurity species has begun. 
Sharp, central impurity peaks have been predicted by Pfirsch-Schluter 
transport theory, but in general no peaks have been observed in experi-
ments. Typically, the peak was predicted by ignoring the impurity's 
displacement of the main ion due to ambipolarity. A simple analysis, later 
qualitatively confined by computer analysis, showed that this peak is much 
smaller. For iron, with an equilibrium peak previously projected as a 
factor of Z = 26 times sharper than the initial main ion profile, was found 
toshowapealtingofapproximately3.5when . The effect of 
small amounts of a lighter impurity such as oxygen is expected to further 
reduce this peak. This anlaysis may lead to a better understanding of the 
experimental evidence. 
-1- 
Ripple Reduction Poloidal Field Coils for Tokamak Reactors  
A ripple reduction poloidal field (RRPF) coil design was presented at 
the Ninth Symposium on Engineering Problems of Fusion Research.
1 
For a 
tokamak reactor with INTOR dimensions but only eight toroidal field coils, 
local magnetic ripple was reduced from more than 2% to less than 0.1% 
throughout the plasma. The poloidal field can be adjusted independent of 
the ripple reduction to produce an applied poloidal field suitable for a 
mildly elongated, D-shaped plasma equilibrium. Studies have indicated 
that lack of axisymmetry appears to be no problem for this partiuclar coil 
arrangement. 
Work is in progress to design RRPF coils for tokamak reactors with 
smaller toroidal field coils and to include these RRPF coils in the same 
vacuum Dewar and cryogenic structural support as the toroidal field coils. 
Ripple-Induced Transport  
The 2-D ripple transport code has been expanded to correct for 
constraints which can be applied to the ripple trapped (RT) transport 
mechanism. The first of these constraints is the localized evaluation of 
dB/ds to determine the existence of local ripple wells. Failure to have a 
local well results in no contribution to the surface integrated transport. 
The second improvement is the evaluation of the effective ripple well 
depth, (Sew This quantity is now properly used in the loss calculations 
in place at the ripple well depth, 6 0 . The necessary theoretical support 
1 
G. Bateman, "Ripple Reduction Poloidal Field Coils for Tokamak Reactors," 
Ninth Symposium on Engineering Problems of Fusion Research, Chicago, 26-29 
October 1981; Georgia Tech Fusion Report GTFR-28 (October 1981). 
for the change has also been done. The third improvement is the evaluation 
of the collisionality constraints that are placed upon the ripple trapped 
particles. These constraints will reduce the number of ripple trapped 
particles due to the minimum V II requirement and the maximum V requirement. 
The transport calculations are corrected for the change in the distribu-
tion function, f
1 , of particles that experience the ripple trapped 
mechanism. Previously, the mechanism was considered to be either totally 
on or totally off due to evaluation of the collisionality constraints and 
the thermal velocity, V th. Testing of these improvements has yielded good 
results. 
At vesent, the code is being expanded to include other ripple- 
related transport mechanisms, notably Banana drift and ripple plateau. 
The theoretical development has already been done, and the algorithms are 
being developed. 
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HYBRID RRPF COIL DESIGN 
Previous Ripple Reduction Poloidal Field (RRPF) coil designs (see 
reports GTFR-26 and -28) required a set of superconducting RRPF coils 
off the outboard edge of the plasma, between the shielding and the toroidal 
field (TF) coils, to reduce ripple near the plasma midplane as well as a 
set of RRPF coils above and below the shielding to reduce ripple near the 
top and bottom of the plasma and to provide the appropriate poloidal field 
shaping. The outboard RRPF coils near the midplane made it difficult to 
access sectors of the shielding, blanket, and first wall for replacement. 
A new conceptual design has been developed which solves this problem by 
using normal saddle coils imbedded in the shielding to reduce ripple near 
the plasma midplane together with superconducting RRPF coils above and 
below the shielding to reduce ripple near the top and bottom of the plasma 
and provide the poloidal field for a D-shaped plasma equlibrium. In an 
8 TF coil design, each saddle coil needs to carry less than 500 kA turns 
of current and the entire set consumes less than 7 MW of power. The 
design for an FED/INTOR like tokamak reactor provides clearance for a 
minimum of 0.8 m of shielding so that organic insulation can be used. 
Current in the cross legs of the saddle coils are balanced to produce no 
net poloidal field. The RRPF coils share the TF coil cryostat and 
structural support, completely above and below the shielding. 
Access with 6 and 8 TF Coils  
RRPF coils can be used to design tokamak reactors with fewer and 
smaller TF coils. With 6 TF coils, sectors of shielding, blanket and 
first wall can be pulled out easily along lines tangent to the TF coils. 
However, twice as much current (.92 MA turns) and 3.4 times as much power 
(22 MW) is required to drive the saddle coils, and more than three times 
as much net current (6.8 MA turns) is required in the radial legs of the 
RRPF coils, compared to the reference 8 TF coil design. Consequently, 
while the 6 TF coil design may be possible, the 8 TF coil design is much 
easier and should be implemented first. 
Access is more of a problem in the 8 TF coil design. For the optimum 
configuration, it was found best to pull out sectors along a line 55 ° 
 relative to the nearest TF coil (10° off the tangent to the next TF coil). 
Using this design, the TF coils can be reduced to a 6.6 m by 9.2 m bore. 
The RRPF and saddle coils reduce magnetic ripple from more than 6% to 
less than 0.6% at the outer edge of the plasma, and much less within the 
plasma. The water cooled copper saddle coils are relatively easy to re-
move while sectors are being replaced. 
A detailed design using overlapping coils is being developed in order 
to keep the maximum field at the surface of the superconducting RRPF coils 
at or below 8 tesla. These coils need to be pulsed during the plasma 
start-up in order to accommodate the changes needed in the poloidal field 
shaping. Since only a slow change may be needed in the poloidal shaping 
field, especially if an RF driven current start-up is used, the 8 tesla 
restriction may be relaxed in the future. 
Plasma Equilibrium with RRPF Coils  
D-shaped equilibria with a separatrix at the edge of the plasma, suitable 
for a poloidal divertor, with beta up to several percent have been computed 
with the poloidal shaping field provided by RRPF coils. Since the RRPF 
coils are as close to the plasma as permitted by shielding requirements, 
they are most effective for controlling the cross sectional shape of the 
plasma and the position of the separatrix. One or more additional poloidal 
field coils, carrying less current, are used to control the net vertical field 
for horizontal positioning of the plasma. The combination works quite well. 
The equlibrium computations were carried out with the axisymmetric 
average poloidal field from the RRPF coils, using a Princeton equilibrium 
code. Since the saddle coils are placed relatively close to the plasma, with a 
minimum distance of 0.8 m to the first wall, there was some concern that the 
non-axisymmetric part of the field would produce magnetic islands or lack of 
field line confinement. This problem was examined once again by using a 
field line following code with the complete vacuum field from all the coils 
together with a filamentary approximation to the plasma current. In all of 
the many runs following field lines several hundred times around, only 
simply nested magnetic surfaces were observed to within one part in 10 4 Hence,• 
the non-axisymmetry of the RRPF and saddle coils does not seem to be a problem. 
FLOW REVERSAL  
Considerable progress has been made in benchmarking the model which 
will be used for evaluating the feasibility of impurity flow reversal for 
commercial tokamaks. The PLT flow reversal experiment has been analyzed. 
A model has been developed which can predict the measured impurity fluxes 
without neutral beam injection and with co-injected beams, thus predicting 
the observed flow reversal. Unfortunately, the model does not yet predict 
the magnitude of the enhanced inward impurity flux with counter injection. 
A conjecture that this latter difficulty may be associated with toroidal 
rotation effects will be explored. 
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RIPPLE REDUCTION COILS FOR TOKAMAK REACTORS 
A conceptual design is presented using a combination of superconducting  
Ripple Reduction Poloidal Field (RRPF) coils [1,2] and normal saddle coils in 
an INTOR-size tokamak reactor consisting of 8 toroidal field (TF) coils with 
6.6 m by 9.2 m bore. A cross section of the design is shown in Figure 1. The 
RRPF coils consist of dipole magnetic coils placed between the TF coils and 
the neutron shielding, 3.8 m above and below the plasma midplane, in order to 
produce part of the shaping field needed for a D-shaped plasma equilibrium 
and to reduce magnetic ripple near the top and bottom of the plasma. They 
are designed to share the TF coil cryostat and support structure, without 
obstructing access to the shielding, blanket or first wall. The normal (ie, 
water cooled copper) saddle coils are attached to the outer edge of the 
shielding, one meter away from the first wall. They carry 0.6 MA turn each 
and consume less than 16 MW power all together to reduce magnetic ripple 
primarily near the midplane of the plasma. A field line following code was 
used to show that magnetic field lines are well confined in spite of the lack 
of axisymmetry in the coil currents. 
In this design with 8 moderately sized TF coils, magnetic ripple is reduced 
from more than 5% at the outer edge of the plasma to less than 0.3% through- 
out the plasma. The TF coil size was determined so that each sector of the 
shielding, blanket and first wall could be pulled straight out along a line 
55 degrees relative to the nearest TF coil. With a six TF coil set of the 
same size, access is easier but more than twice as much current is needed in 
the saddle coils to reduce ripple. 
Since the superconducting RRPF coils are intended to be pulsed, in response 
to changing plasma equilibrium conditions, they must be designed so that the 
maximum field strength at their surface is everywhere less than 8 tesla. This 
constraint poses quite a challenge since the ambient toroidal field exceeds 
7 tesla at the inner edge of the RRPF coils. The challenge was met with the 
following design: Each RRPF coil carrying 1.6 MA turns of current is 0.1 m thick, 
0.8 m wide, and extends two and one half toroidal sectors (112.5 degrees) 
around the torus. These thin coils overlap each other alternately two and 
three deep so that the average current in the toroidal legs is 4.0 MA turn. 
The coils, with semicircular radial legs, are staggered between the TF coils 
to reduce the ripple by 1.4% near the top and bottom edge of the plasma. The 
EEFI code was used to show that the maximum field at the RRPF coil surface at 
full current is about 8 tesla. The RRPF coils in this design are primarily 
responsible for shaping the plasma equilibrium, while the saddle coils provide 
independent control over the magnetic ripple. 
The Princeton equilibrium code was used to determine what coil currents 
are needed to produce appropriate axisymmetric plasma equilibria. The RRPF 
coils alone produce much of the vertical field needed for positioning the 
plasma along the major radius as well as hexapole and some quadrupole field 
needed for a D-shaped plasma. With the RRPF coil current fixed, additional 
poloidal field coils placed outside the TF coils were used to control the 
plasma position and elongation. It was found that less than 2.6 MA turns of 
current is needed in the elongation PF coil (at z=6.2 m and R=4.6 m) to 
produce a plasma elongation exceeding 1.8 at the separatrix and 1.4 near the 
magnetic axis The outer PF coil (at z=4.0 m and R=10.0 m) needs to carry 
about 3.2 MA. turns of current in order to hold a plasma with 5.1% average 
beta. With fixed RRPF coil current, the plasma shape is remarkably insensi-
tive to changes in the elongation PF coil current. 
DEFINITION OF TECHNOLOGY DEVELOPMENT NEEDS  
As an outgrowth of other activities, the preparation of a review paper 
on the definition of technology development needs has been initiated. One 
of the principal investigators (W.M. Stacey, Jr.) is collaborating with 
investigators at other institutions in the review of reactor conceptual 
design studies of tokamaks, tandem mirrors and other confinement concepts 





Figure 1. Cross section of tokamak reactor with D-shaped plasma 
chamber surrounded by blanket and shielding with saddle 
coils on the outboard edge, RRPF coils above and below, 
TF coils, and additional PF coils. 
on the basis of the relative maturity of both the confinement concept 
and the conceptual design effort, and to evaluate the degree of commonality 
among the technology needs for the different confinement concepts. 
References 
1. G. Bateman, "Ripple Reduction Poloidal Field Coils for Tokamaks", 
Georgia Tech Fusion Report GTFR-26 (March, 1981). 
2. G. Bateman, "Ripple Reduction Poloidal Field Coils for Tokamak 
Reactors", Ninth Symposium on Engineering Problems of Fusion Research, 
Chicago, 26-29 October 1981; and Georgia Tech Fusion Report GTFR-28 
(October, 1981). 
undertake if a supplemental budget is available to support a post-doctoral 
position. (3) The third additional task which we propose is the initiation 
of a model that can simulate the interactive dynamics of the plasma and 
the technological and control systems in a tokamak fusion reactor. 
II. RIPPLE REDUCTION POLOIDAL FIELD COILS (G. Bateman) 
A. Background 
Ripple Reduction Poloidal Field (RRPF) coils [1,2] consist of 
dipole magnetic coils placed between the toroidal field (TF) coils of a 
tokamak reactor in order to produce the poloidal magnetic field needed for 
plasma equilibrium and at the same time to reduce magnetic ripple from the 
toroidal field coils. Since they can be placed close to the plasma, without 
linking the TF coils, RRPF coils require less current to hold and shape the 
plasma than the presently envisioned PF coil systems [3 -6] which they would 
augment or replace. There would consequently be less stress on the TF 
coils; less structural support and smaller power supplies would be needed. 
RRPF coils are relatively small and modular, easier to manufacture, transport, 
access and replace that conventional PF coils. Since they are closer to the 
plasma, their shaping fields can be designed to produce a more stable plasma 
shape and separatrix position. 
Since RRPF coils can be designed to reduce magnetic ripple as needed, 
independent of the poloidal field they produce, tokamak reactors can be 
designed with fewer TF coils, for greater access, and with smaller TF coils 
for reduced cost, closer conventional PF coils, further reducing coil stress 
and structural support. Since the exact effect of magnetic ripple in a tokamak 
reactor is not known, RRPF coils can be used to increase the certainty that the 
first generation of tokamak reactors will reach ignition. They can also be used 
to vary the strength and spatial extent of the magnetic ripple over a wide range 
for fusion burn control. 
B. Previous Work Under Contract 
It has been demonstrated that RRPF coil configurations can be designed 
to reduce magnetic ripple to extremely low levels [1,2]. For example, ripple 
was reduced from more than 2% at the outer edge of the plasma to less than 0.1% 
2 
throughout the plasma in an 8 TF coil configuration with 8 m by 11.4 m inner 
bore and Phase Zero INTOR dimensions. [3] In a more recent design, ripple was 
reduced from more than 15% to less than 1% in a configuration with only 6 TF 
coils and with smaller dimensions (6.4 m by 9.2 m inner bore). Recent work 
has concentrated on configurations with 8 TF coils, since 8 TF coil designs 
have been developed with adequate access to the shielding, blanket and first 
wall, and since the corresponding 6 TF coil designs require more than twice 
the current in the RRPF coils. 
It has been been demonstrated that D-shaped plasma equilibria with 
several percent beta and a separatrix within the first wall can be produced 
with RRPF coils alone or, alternatively with a combination of RRPF coils 
together with conventional PF coils outside the TF coil set. RRPF coils above 
and below the plasma, just outside the neutron shielding, are most effective 
at controlling the position of the separatrix and the plasma elongation, while 
a modest current in the exterior PF coil provides independent control of the 
vertical field needed to position the plasma along the major radius. A field 
line following code has been used to test each new configuration, but no 
evidence has been found so far for loss of field line confinement due to lack 
of axisymmetry. 
Over the past six months, a new conceptual design has been developed 
using a combination of normal (e.g. water cooled copper) saddle coils [7-10] 
imbedded in the neutron shielding to reduce ripple near the plasma midplane 
together with superconducting RRPF coils above and below the shielding to 
reduce ripple near the top and bottom of the plasma and to provide the 
poloidal field needed for a D-shaped plasma equilibrium. In an 8 TF coil 
design, each saddle coil carries less than 0.5 MA turns of current and the 
entire set consumes less than 10 MW of power. The current in the cross legs 
of the saddle coils is balanced so that they produce no net poloidal field. 
The superconducting RRPF coils share the TF coil cryostat and structural support. 
Since they are located completely above and below the shielding, they do not 
inhibit access to the tokamak. There is enough space between the TF coil 
return legs to pull out one-eigth sectors of the shielding, blanket, and 
first wall. 
C. 	Proposed Effort for the Next Contract Period  
Significant improvements have been made in RRPF coil design over 
the past year for FED/INTOR like tokamak reactors [3-5]. During the next 
year, we will examine the potential advantages of using RRPF coils and 
similar systems in larger tokamak reactors such as STARFIRE [6]. A variety 
of options will be explored using combinations of RRPF coils, saddle coils 
[7-10], and ferro-magnetic shielding [11] in an effort to maximize access to 
the blanket and shielding sectors, maximize control over the ripple and plasma 
shape, and minimize cost, stresses, power requirements and complexity. Much 
work needs to be done on assessing the impact of these coils on the overall 
system design. For example, since the constraint on ripple is no longer a 
problem, does the advantage of reducing TF coil size, together with reduced 
power supply and structural requirements, outweigh the advantage of maintaining 
access to complete shielding and blanket sectors? Would it be better to in-
crease the plasma size for improved confinement and lower beta, with a slight 
increase in total machine size? 
It has been demonstrated that RRPF coils alone, or together with 
external PF coils, can produce a D-shaped plasma with the separatrix within 
the first wall. Since RRPF coils are closer to the plasma than the PF coils, 
• 	4 
it should be possible to use RRPF coils to control the position of the separatrix 
with better vertical stability. A three dimensional equilibrium code is needed 
to determine the effect of the non-axisymmetric RRPF coil fields on the shape of 
the separatrix and scrape-off layer. New concepts, such as a "stitch divertor" 
will be explored, in which the scrape-off layer is pulled out into the divertor 
in only a portion of each toroidal sector. The resulting divertor may have 
better vertical stability and may require less coil current. 
Work will continue on improving the detailed coil design, to ensure 
the feasibility of using superconducting RRPF coils. With each new design, 
further tests will be made of field line confinement, plasma equilibrium, and 
the effects of reductions in and spatial distribution of the magnetic ripple. 
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III. IMPURITY FLOW REVERSAL 
A . Background 
When toroidal momentum is injected into a tokamak by neutral beams, 
the radial transport of impurities can be altered by three separate effects: 
1. There is a direct effect
1) 
of momentum exchange between the fast beam 
ions and the impurity ions, which is analogous to interspecies friction 
in its effect upon radial transport. 
2. There is an indirect effect 2) of the external momentum input (and 
compensating external drags) on the plasma momentum balance and 
hence on the particle flows in the flux surfaces and consequently 
upon the radial transport; and 
3. 	There is an inertial effect 3) which arises because the -17.0i term which 
must be retained in the momentum balance when the toroidal plasma 
velocity becomes of the same order as V
th
, giving rise to a modification 
of the radial transport. 
The first two effects are referred to as the direct momentum coupling 
effect, and the last effect is referred to as the inertial effect. 
Based upon rough estimates
2) that co-injection should tend to drive 
impurities outward in ISX and PLT and that the effects should be large 





In both cases, impurity accumulation in the center was much 
greater with counter-injection than with co-injection, in qualitative agree-
ment with the theory. Similar results were obtained in T-10
6) 
The implication of these results is that the coinjection of momentum 
by neutral beam injection (or by rf) is a potential active impurity control 
mechanism for tokamaks. Such a mechanism would complement the pumped-limiter, 
which pumps helium but generates impurities at the plasma by sputtering from 
the limiter, and the combination could potentially be competitive with the 
poloidal divertor. 
B • Previous Work Under Contract  
1. The Stacey-Sigmar formalism for the direct coupling effect has been 
extended to include temperature gradient effects (GTFR-21), reduced 
to a computational form and incorporated into a 1D transport code. 
2. A preliminary assessment (GTFR-25) was made of the NBI power require-
ments for impurity flow reversal in FED/INTOR plasmas. Based on 
rather crude models, it was estimated that -.25-50 MW would be sufficient 
to prevent edge-generated impurities from entering the plasma. 
3. A careful analysis of the PLT flow reversal experiment
4) 
is being 
performed during the present contract period. To date, it has been 
possible to develop a model based upon the Pfirsch-Schluter, gradient-
driven flux and the Stacey-Sigmar NBI-driven flux which underpredicts 
both the inward impurity fluxes without beam injection and the outward 
impurity fluxes with coinjection by a factor of N2. This model under-
predicts the inward fluxes with counterinjection by N4. The present 
formulation 3 of the inertial effects is clearly imcompatible with 
the experiment, although the magnitude is consistent, which implies a 
need to improve the consistency of the formulation. 
4. The model which predicts the PLT flow-reversal with coinjection, 
2x (P-S+S-S), has been used to estimate the NBI power requirements for 
flow reversal in FED/INTOR type plasmas. It is estimated that 10-30 MW 
may be sufficient. This work is being extended to allow the impurity dis-
tribution. to evolve from a fixed initial profile, which has been used to 
date, to an equilibrium distribution. 
5. Calculations have been initiated to estimate the NBI power required for 
flow reversal in commercial tokamak reactors. Estimates will also be 
made of possible flow reversal effects in TFTR. 
C . 
	 Proposed Effort for the Next Contract Period  
1. The assessment of NBI-driven impurity flow reversal for ETR/INTOR and 
.commercial tokamak reactors will be completed. This will include an 
attempt to incorporate a consistent formulation of the inertial effect 
in the model and transport modeling of time-dependent impurity fluxes. 
A systematic survey of possible commercial tokamak plasma conditions 
and the possibility of the development of high-energy negative ion 
beams will be included in the evaluation of the ultimate feasibility of 
NBI-driven impurity flow reversal for commercial tokamak reactors. 
2. The momentum-driven impurity flow reversal formalism will be extended 
to treat momentum input from ICRF and LHR waves. The possibility of 
confirming this theory in present experiments will be examined. An 
assessment of rf-driven impurity flow reversal for ETR/INTOR and com-
mercial tokamak reactors will be initiated. 
3. There is experimental evidence
7) 
that viscous, radial momentum transfer 
in a rotating plasma is much larger than had heretofore been thought. 
Such a process, which has been ignored previously, would also affect 
impurity flow reversal by NBI. The theoretical formalism for treating 
this effect is being developed under other support. The effort proposed 
under this contract is to reduce the formalism to computational form, 
incorporate this effect into the existing flow reversal impurity transport 
code and to upgrade the NBI flow reversal assessment for ETR/INTOR and 
commercial type plasmas. 
7 
4. 	There are indications (J.A. Schmidt, private communication) that a 
tokamak plasma with a pump-limiter will have a large poloidal gas flow 
in the scrape-off region. This will effect the poloidal flows in the 
outer plasma region and consequently alter the impurity transport in the 
outer regions of the plasma. It is proposed to extend the Stacey-Sigmar 
formalism to treat this effect and to assess the potential for this type 
of impurity flow reversal in ETR/INTOR and commercial type plasmas. 
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IV. PLASMA -WALL KINETICS MODEL 
A. 	Background  
The plasma-wall interaction is quite complex. The surface concentrations 
of the individual components of the alloy comprising a wall or limiter vary 
with time under the action of sputtering by energetic particles from the plasma. 
Preferential component sputtering, displacement mixing, bulk diffusion and 
segregation all act to alter with time the alloy composition on the surface 
exposed to the plasma. Furthermore, there will exist an influx to the wall 
or limiter surface of material which has been eroded from that or another 
surface, which in turn affects the wall kinetics and the sputtering mechanics. 
This redeposition influx depends upon the local plasma transport in the wall 
and limiter region. 
8 
Thus, an understanding of plasma-wall kinetics requires coupling the local 
plasma transport (redeposition), sputtering mechanics and the subsurface wall 
kinetics. Development of such a model is currently in progress, under other 
support, as the Ph.D. research of A.B. DeWald. This model includes: (1) a 
multi-layer, multi-component version of the TRIM Monte-Carlo code for the 
sputtering mechanics; (2) a subsurface wall kinetics model which treats dis-
placement mixing, thermal and radiation diffusion, and Gibbsion and radiation-
induced segregation; and (3) a wall region plasma transport model which treats 
cross-field and along field transport, and a sheath potential with non-normal 
field lines intersecting the surface, taking into account ion reflection and 
secondary ion emission. This model, and the Ph.D. dissertation of DeWald, 
should essentially be complete by mid-1983. 
B• 
	Prepared Effort for the Next Contract Period 
This coupled plasma-wall kinetics model represents a unique capability 
for studying many aspects of the plasma-wall interaction which have a critical 
impact on the engineering design of first-wall and impurity control systems 
for tokamaks (and for other concepts, as well). We propose that DOE support 
a post-doctoral position for DeWald to employ this model, and extensions 
thereof, to perform in-depth and systematic analyses pertaining to several 
important topics in the plasma-wall interaction area. Among these are: 
1. Erosion lifetime of limiters and divertor collector plates. The net 
erosion of a limiter or divertor collector plate is the difference between 
large erosion and redeposition rates. 
2. Coatings. Thin, low-Z coatings on metal substrates have been proposed for 
a number of first-wall and limiter applications. The diffusion to the 
surface and subsequent sputtering of the substrate material and the in-situ 
recoating are important questions relating to the feasibility of the coating 
concept. 
3. Characterization of wall surface composition evolution in time and 
consequent impurity influx to plasma for possible wall materials are needed. 
Since the proposed work would not begin until mid-1983, we suggest that 
priorities be determined, in consultation with DOE, at that time. 
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V. TOKAMAK FUSION BURN CONTROL 
A. Background  
Since the power balance in an ignited D-T fusion reactor is thermally 
unstable at the desired operating plasma temperature, it will be necessary to 
exercise some form of burn control. Enhanced transport produced by magnetic 
ripple
1-4 
or pressure driven instabilities such as ballooning modes
5 
provide 
the most promising mechanisms for fusion burn control. Other transport 
mechanisms generally do not increase fast enough with temperature to be useful. 
Different transport mechanisms will produce loss of plasma energy through 
different channels. For example, ripple is expected to have the largest effect 
on high energy particles such as new-born alpha particles or neutral beam 
injected ions. Energy is lost predominantly through the electron channel during 
the observed degradation of confinement at the highest beta values achieved 
in tokamak experiments. Both ripple transport and pressure driven ballooning 
instabilities are expected to deposit energy and particles in a nonuniform 
way on the wall or into the divertor. 
B • Work to Date Under Contract 
Our recent effort in this area started with a scoping study which determined 
that variable field ripple control is feasible for tokamak reactors
1
, The theory 
of heat transport due to ripple trapped particles was then extended to consider 
arbitrary magnetic flux surface geometry
2 
In particular, poloidally asym-
metric and non-separable ripple profiles were allowed. A computer code was 
then written to calculate ripple transport coefficients from this ripple-
trapped theory. 
Next, the banana - drift and ripple-plateau heat transport theories were 
extended to consider arbitrary magnetic surface geometry and arbitrary ripple 
contours
3 and the collisionablity constraints were properly taken into 
account
4
. These improved theories and computer codes are now being used to 
determine the impact of magnetic ripple on tokamak fusion reactors. 
C. 	Proposed Effort for Next Contract Year  
The effect of various configurations of magnetic ripple on burn control 
needs to be investigated. First, vertically asymmetric ripple will be con- 
1 0 
sidered. This is directly applicable to the FED/INTOR design with a single 
null poloidal divertor in which the plasma is offset from the midplane and, 
therefore, particles experience a vertically asymmetric ripple from the 
toroidal field coils. Next, the effect of ripple controlled independently 
near the midplane, near the top or near the bottom of the plasma by Ripple 
Reduction Poloidal Field Coils 6,7 will be assessed. The effect of toroidal 
periodicity or a toroidally localized magnetic ripple will then be considered. 
Finally, the engineering designs needed to handle the spatial distri-
bution of power deposited on the wall or in the divertor (i.e. toward the 
outer or inner edge of the plasma) will be considered for both ripple en-
hanced and ballooning-mode-enhanced plasma losses. 
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IV. TOKAMAK FUSION REACTOR DYNAMICS 
A. Background 
Simulation of overall system dynamics has been a valuable design tool 
for fission reactors since the earliest days of their development. Modeling 
of the interactive dynamics of the physics and the various technological and 
control systems was based upon lumped-parameter models that were adjusted to 
experiment or more detailed calculations. Such simulations were quite 
important in identifying limits on the design parameters of individual 
components or systems that would lead to a safe and acceptable dynamic 
performance of the overall system. 
B• Proposed Work for the Next Contract Period  
The initiation of the development of a lumped-parameter model for 
simulating the interactive dynamics of the plasma and the technological and 
control systems in a tokamak fusion reactor is proposed. Initial emphasis 
would be upon the plasma, impurity control system, first-wall and plasma-wall 
interaction, and the burn control system, because of our other work in these 
areas and because of their importance. Lumped-parameter models for these 
systems and their interactions would be developed and the parameters would 
be determined from more detailed model calculations or experiments. A 
computer code would be written. Studies would be initiated to determine 
limit on the systems parameters for satisfactory dynamic performance of a 
tokamak fusion reactor. 
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Neutral Beam-Driven Impurity Flow. Reversal 
The principal effort over this report period has been an improvement 
of the computational tools in order to ultimately provide a more vigorous 
prediction of the potential of flow reversal for impurity control in 
FED/INTOR type of tokamak plasmas. The impurity peaking model has been 
revised (see below) to account for the ion displacement required to main-
tain ambipolarity, which allows for a more realistic comparison of the 
semi-analytical model with the PLT and ISX experiments. The new model has 
been confirmed by comparision with direct transport calculations. The 
one-dimensional transport code obtained from ORNL has been modified to 
couple the transport of ions and impurities. The formulation of a computa-
tion model that allows two impurity species has begun. 
Sharp, central impurity peaks have been predicted by Pfirsch-Schluter 
transport theory, but in general no peaks have been observed in experi-
ments. Typically, the peak was predicted by ignoring the impurity's 
displacement of the main ion due to ambipolarity. A simple analysis, later 
qualitatively confined by computer analysis, showed that this peak is much 
smaller. For iron, with an equilibrium peak previously projected as a 
factor of Z = 26 times sharper than the initial main ion profile, was found 
toshowapealcingofapproximately3.5% . The effect of 
small amounts of a lighter impurity such as oxygen is expected to further 
reduce this peak. This anlaysis may lead to a better understanding of the 
experimental evidence. 
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Ripple Reduction Poloidal Field Coils for Tokamak Reactors  
A ripple reduction poloidal field (RRPF) coil design was presented at 
the Ninth Symposium on Engineering Problems of Fusion Research. -1 
 
For a 
tokamak reactor with INTOR dimensions but only eight toroidal field coils, 
local magnetic ripple was reduced from more than 2% to less than 0.1% 
throughout the plasma. The poloidal field can be adjusted independent of 
the ripple reduction to produce an applied poloidal field suitable for a 
mildly elongated, D-shaped plasma equilibrium. Studies have indicated 
that lack of axisymmetry appears to be no problem for this partiuclar coil 
arrangement. 
Work is in progress to design RRPF coils for tokamak reactors with 
smaller toroidal field coils and to include these RRPF coils in the same 
vacuum Dewar and cryogenic structural support as the toroidal field coils. 
Ripple-Induced Transport  
The 2-D ripple transport code has been expanded to correct for 
constraints which can be applied to the ripple trapped (RT) transport 
mechanism. The first of these constraints is the localized evaluation of 
dB/ds to determine the existence of local ripple wells. Failure to have a 
local well results in no contribution to the surface integrated transport. 
The second improvement is the evaluation of the effective ripple well 
depth, Seff . This quantity is now properly used in the loss calculations 
in place at the ripple well depth, S o . The necessary theoretical support 
1 
G. Bateman, "Ripple Reduction Poloidal Field Coils for Tokamak Reactors," 
Ninth Symposium on Engineering Problems of Fusion Research, Chicago, 26-29 
October 1981; Georgia Tech Fusion Report GTFR-28 (October 1981). 
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for the change has also been done. The third improvement is the evaluation 
of the collisionality constraints that are placed upon the ripple trapped 
particles. These constraints will reduce the number of ripple trapped 
particles due to the minimum V H requirement and the maximum V requirement. 
The transport calculations are corrected for the change in the distribu-
tion function, f
1
, of particles that experience the ripple trapped 
mechanism. Previously, the mechanism was considered to be either totally 
on or totally off due to evaluation of the collisionality constraints and 
the thermal velocity, V tb. Testing of these improvements has yielded good 
results. 
At present, the code is being expanded to include other ripple-
related transport mechanisms, notably Banana drift and ripple plateau. 
The theoretical development has already been done, and the algorithms are 
being developed. 
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HYBRID RRPF COIL DESIGN 
Previous Ripple Reduction Poloidal Field (RRPF) coil designs (see 
reports GTFR-26 and -28) required a set of superconducting RRPF coils 
off the outboard edge of the plasma, between the shielding and the toroidal 
field (TF) coils, to reduce ripple near the plasma midplane as well as a 
set of RRPF coils above and below the shielding to reduce ripple near the 
top and bottom of the plasma and to provide the appropriate poloidal field 
shaping. The outboard RRPF coils near the midplane made it difficult to 
access sectors of the shielding, blanket, and first wall for replacement. 
A new conceptual design has been developed which solves this problem by 
using normal saddle coils imbedded in the shielding to reduce ripple near 
the plasma midplane together with superconducting RRPF coils above and 
below the shielding to reduce ripple near the top and bottom of the plasma 
and provide the poloidal field for a D-shaped plasma equlibrium. In an 
8 TF coil design, each saddle coil needs to carry less than 500 kA turns , 
 of current and the entire set consumes less than 7 MW of power. The 
design for an FED/INTOR like tokamak reactor provides clearance for a 
minimum of 0.8 m of shielding so that organic insulation can be used. 
Current in the cross legs of the saddle coils are balanced to produce no 
net poloidal field. The RRPF coils share the TF coil cryostat and 
structural support, completely above and below the shielding. 
Access with 6 and 8 TF Coils  
RRPF coils can be used to design tokamak reactors with fewer and 
smaller TF coils. With 6 TF coils, sectors of shielding, blanket and 
first wall can be pulled out easily along lines tangent to the TF coils. 
However, twice as much current (.92 MA turns) and 3.4 times as much power 
(22 MW) is required to drive the saddle coils, and more than three times 
as much net current (6.8 MA turns) is required in the radial legs of the 
oao 
RRPF coils, compared to the reference 8 TF coil design. Consequently, 
while the 6 TF coil design may be possible, the 8 TF coil design is much 
easier and should be implemented first. 
Access is more of a problem in the 8 TF coil design. For the optimum 
configuration, it: was found best to pull out sectors along a line 55 ° 
 relative to the nearest TF coil (10° off the tangent to the next TF coil). 
Using this design, the TF coils can be reduced to a 6.6 m by 9.2 m bore. . 
The RRPF and saddle coils reduce magnetic ripple from more than 6% to 
less than 0.6% at the outer edge of the plasma, and much less within the 
plasma. The water cooled copper saddle coils are relatively easy to re-
move while sectors are being replaced. 
A detailed design using overlapping coils is being developed in order 
to keep the maximum field at the surface of the superconducting RRPF coils 
at or below 8 tesla. These coils need to be pulsed during the plasma 
start-up in order to accommodate the changes needed in the poloidal field 
shaping. Since only a slow change may be needed in the poloidal shaping 
field, especially if an RF driven current start-up is used, the 8 tesla 
restriction may be relaxed in the future. 
Plasma Equilibrium with RRPF Coils  
D-shaped equilibria with a separatrix at the edge of the plasma, suitable 
for a poloidal divertor, with beta up to several percent have been computed 
with the poloidal shaping field provided by RRPF coils. Since the RRPF 
coils are as close to the plasma as permitted by shielding requirements, 
they are most effective for controlling the cross sectional shape of the 
plasma and the position of the separatrix. One or more additional poloidal 
field coils, carrying less current, are used to control the net vertical field 
for horizontal positioning of the plasma. The combination works quite well. 
The equlibrium computations were carried out with the axisyninietric 
average poloidal field from the RRPF coils, using a Princeton equilibrium 
code. Since the saddle coils are placed relatively close to the plasma, with a 
minimum distance of 0.8 m to the first wall, there was some concern that the 
non-axisymmetric part of the field would produce magnetic islands or lack of 
field line confinement. This problem was examined once again by using a 
field line following code with the complete vacuum field from all the coils 
together with a filamentary approximation to the plasma current. In all of 
the many runs following field lines several hundred times around, only 
simply nested magnetic surfaces were observed to within one part in 10 4 Hence, 
the non-axisymmetry of the RRPF and saddle coils does not seem to be a problem. 
FLOW REVERSAL 
Considerable progress has been made in benchmarking the model which 
will be used for evaluating the feasibility of impurity flow reversal for 
commercial tokamaks. The PLT flow reversal experiment has been analyzed. 
A model has been developed which can predict the measured impurity fluxes 
without neutral beam injection and with co-injected beams, thus predicting 
the observed flow reversal. Unfortunately, the model does not yet predict 
the magnitude of the enhanced inward impurity flux with counter injection. 
A conjecture that this latter difficulty may be associated with toroidal 
rotation effects will be explored. 
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RIPPLE REDUCTION COILS FOR TOKAMAK REACTORS  
A conceptual design is presented using a combination of superconducting  
Ripple Reduction Poloidal Field (RRPF) coils [1,2] and normal saddle coils in 
an INTOR-size tokamak reactor consisting of 8 toroidal field (TF) coils with 
6.6 m by 9.2 m bore. A cross section of the design is shown in Figure 1. The 
RRPF coils consist of dipole magnetic coils placed between the TF coils and 
the neutron shielding, 3.8 m above and below the plasma midplane, in order to 
produce part of the shaping field needed for a D--shaped plasma equilibrium 
and to reduce magnetic ripple near the top and bottom of the plasma. They 
are designed to share the TF coil cryostat and support structure, without 
obstructing access to the shielding, blanket or first wall. The normal (ie, 
water cooled copper) saddle coils are attached to the outer edge of the 
shielding, one meter away from the first wall. They carry 0.6 MA turn each 
and consume less than 16 MW power all together to reduce magnetic ripple 
primarily near the midplane of the plasma. A field line following code was 
used to show that magnetic field lines are well confined in spite of the lack 
of axisymmetry in the coil currents. 
In this design with 8 moderately sized TF coils, magnetic ripple is reduced 
from more than 5% at the outer edge of the plasma to less than 0.3% through- 
out the plasma. The TF coil size was determined so that each sector of the 
shielding, blanket and first wall could be pulled straight out along a line 
55 degrees relative to the nearest TF coil. With a six TF coil set of the 
same size, access is easier but more than twice as much current is needed in 
the saddle coils to reduce ripple. 
Since the superconducting RRPF coils are intended to be pulsed, in response 
to changing plasma equilibrium conditions, they must be designed so that the 
maximum field strength at their surface is everywhere less than 8 tesla. This 
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constraint poses quite a challenge since the ambient toroidal field exceeds 
7 tesla at the inner edge of the RRPF coils. The challenge was met with the 
following design: Each RRPF coil carrying 1.6 MA turns of current is 0.1 m thick, 
0.8 m wide, and extends two and one half toroidal sectors (112.5 degrees) 
around the torus. These thin coils overlap each other alternately two and 
three deep so that the average current in the toroidal legs is 4.0 MA turn. 
The coils, with semicircular radial legs, are staggered between the TF coils 
to reduce the ripple by 1.4% near the top and bottom edge of the plasma. The 
EEFI code was used to show that the maximum field at the RRPF coil surface at 
full current is about 8 tesla. The RRPF coils in this design are primarily 
responsible for shaping the plasma equilibrium, while the saddle coils provide 
independent control over the magnetic ripple. 
The Princeton equilibrium code was used to determine what coil currents 
are needed to produce appropriate axisymmetric plasma equilibria. The RRPF 
coils alone produce much of the vertical field needed for positioning the 
plasma along the major radius as well as hexapole and some quadrupole field 
needed for a D-shaped plasma. With the RRPF coil current fixed, additional 
poloidal field coils placed outside the TF coils were used to control the 
plasma position and elongation. It was found that less than 2.6 MA turns of 
current is needed in the elongation PF coil (at z=6.2 m and R=4.6 m) to 
produce - a plasma elongation exceeding 1.8 at the separatrix and 1.4 near the 
magnetic axis. The outer PF coil (at z=4.0 m and R=10.0 m) needs to carry 
about 3.2 MA turns of current in order to hold a plasma with 5.1% average 
beta. With fixed RRPF coil current, the plasma shape is remarkably insensi-
tive to changes in the elongation PF coil current. 
DEFINITION OF TECHNOLOGY DEVELOPMENT NEEDS 
As an outgrowth of other activities, the preparation of a review paper 
on the definition of technology development needs has been initiated. One 
of the principal investigators (W.M. Stacey, Jr.) is collaborating with 
investigators at other institutions in the review of reactor conceptual 
design studies of tokamaks, tandem mirrors and other confinement concepts 





Figure 1. Cross section of tokamak reactor with I1—shaped plasma 
chamber surrounded by blanket and shielding with saddle 
coils on the outboard edge, RRPF coils above and below,: 
TF coils, and additional PF coils. 
on the basis of the relative maturity of both the confinement concept 
and the conceptual design effort, and to evaluate the degree of commonality 
among the technology needs for the different confinement concepts. 
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